Glassy Ni-based alloys with high thermal stability and high corrosion resistance were synthesized in Ni-Ta-Ti-Zr(-Co) alloy system. Glassy Ni 60 Ta 40ÀxÀy Ti x Zr y alloys exhibit supercooled liquid region exceeding 50 K in a wide composition range and the largest supercooled liquid region of 67 K was obtained at Ni 60 Ta 20 Ti 15 Zr 5 . Glassy Ni 55 Ta 20 Ti 10 Zr 8 Co 7 alloy exhibits the highest thermal stability among the Nibased glassy alloys reported up to date, which is evidenced by its high T g and T x of 899 K and 977 K, respectively, and a larger supercooled liquid region of 78 K. Bulk glassy Ni 55 Ta 20 Ti 10 Zr 8 Co 7 alloy in a rod form with a diameter of 1 mm can be prepared by copper mold casting. The glassy Ni-Ta-Ti-Zr(-Co) alloys are spontaneously passivated with low passive current density in 1 N H 2 SO 4 and 1 N HCl solutions and their corrosion rate was less than 0.1 mm/year in the above solutions.
Introduction
Since Ni-based bulk glassy alloys with high mechanical strength in metal-metal systems were synthesized for the first time in Ni-Nb-Ti-Zr-Co-Cu and Ni-Nb-Ti-Zr systems by melt-clap and copper-mold casting methods, 1, 2) glassy NiCo-Nb-Ti-Zr and Ni-Nb-Ti and Ni-Nb-Ti-Hf alloys have been examined with aim of developing a Ni-based bulk glassy alloy with good combination of high glass-forming ability, high corrosion resistance and good mechanical properties. [3] [4] [5] [6] [7] Formation of Ni-based bulk glasses in NiNb-Sn and Ni-Nb-Sn-X (X=B,Fe,Cu) alloy systems were also reported recently. 8) It has been demonstrated that the glassy Ni-Co-Nb-Ti-Zr alloys have high corrosion resistance in aggressive acids as well as high glass-forming ability. It is known that in concentrated hydrochloric acids, tantalum is spontaneously passivated and has higher corrosion resistance than niobium. [9] [10] [11] Therefore, it is expected that glassy Ni-TaTi-Zr and Ni-Ta-Ti-Zr-Co alloys can be synthesized by rapid solidification and may have high corrosion resistance. This paper intends to present the thermal properties, glass-forming ability and corrosion behavior of glassy Ni-Ta-Ti-Zr(-Co) alloys.
Experimental
Ingots of Ni-Ta-Ti-Zr and Ni-Ta-Ti-Zr-Co alloys were prepared from mixtures of the pure metals by arc melting in an argon atmosphere. From the master alloy ingots, ribbon samples with a thickness of about 20 mm and a width of about 1 mm were fabricated by single-roller melt spinning and bulk specimens in a rod shape of about 40 mm in length were prepared by copper mold casting.
The structure of the rapidly solidified specimens was examined by X-ray diffraction using Cu-K radiation. The thermal stability associated with glass transition, supercooled liquid and crystallization for the glassy alloys was investigated by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s.
Corrosion behavior of the glassy alloys in 1 N H 2 SO 4 and 1 N HCl solutions was evaluated by weight loss and electrochemical measurements. Prior to the corrosion tests, the ribbon specimens were mechanically polished in cyclohexane with silicon carbide paper up to No. 2000, degreased in acetone, washed in distilled water, dried in air and further exposed to air for 24 h for good reproducibility. Corrosion rates were estimated from the weight loss of the bulk glassy alloys after immersion in the acid solutions open to air at room temperature for 168 h (one week). After the immersion, surfaces of the alloys were observed by scanning electron microscopy (SEM). Electrochemical measurements were conducted in a three-electrode cell using a platinum counter electrode and a Ag/AgCl reference electrode. Potentiodynamic polarization curves were measured with a potential sweep rate of 50 mV/min in the acid solutions open to air at room temperature. The potential was swept from the opencircuit potential to anodic and cathodic directions using different specimens after immersion in the solutions for 20 min, when the open-circuit potentials became almost steady.
Results and Discussion
X-ray diffraction patterns of the melt-spun Ni 60 Ta 40ÀxÀy Ti x Zr y alloys indicated that the alloys consisting of a glassy single phase were formed in a composition range of 5-30 at% Ta, 0-25 at% Ti and 0-15 at% Zr shown in Fig. 1 . DSC curves of the glassy alloys exhibited sequentially glass transition and supercooled liquid region prior to crystallization. Based on the DSC data, composition dependence of supercooled liquid region ÁT x (ÁT x ¼ T x À T g , where T g and T x are glass transition temperature and crystallization temperature, respectively) is also shown in Fig. 1 . It is seen that the glassy alloys with a large supercooled liquid region exceeding 50 K are obtained in a wide composition range and the Ni 60 Ta 20 Ti 15 Zr 5 alloy has the maximum ÁT x of 67 K and hence the highest thermal stability in the Ni-Ta-Ti-Zr alloy system. * Correspondence author, E-mail: sjpang@cityu.edu.hk
Since the addition of some portion of Co to the Ni 60 Nb 20 Ti 10 Zr 10 alloy is effective for glass-forming ability, 3) it is expected that the glass-forming ability of the Ni-TaTi-Zr alloys can also be improved by adding Co. Figure 2 shows Preparation of bulk glassy samples for the Ni-Ta-Ti-Zr and Ni-Ta-Ti-Zr-Co alloys was attempted by copper mold casting and a bulk glassy Ni 55 Ta 20 Ti 10 Zr 8 Co 7 rod of 1 mm in diameter was formed. As shown in Fig. 3 , X-ray diffraction pattern of the bulk glassy Ni 55 Ta 20 Ti 10 Zr 8 Co 7 alloy indicates a principal halo and no diffraction peak corresponding to a crystalline state. Figure 4 shows the DSC curves of the glassy Ni 55 Ta 20 Ti 10 Zr 8 Co 7 melt-spun ribbon and cast rod. There is no distinct difference in the T g , T x and heat release of crystallization between the bulk and ribbon samples and the glassy single phase of the bulk sample is further confirmed. These results also indicate that the high thermal stability of supercooled liquid against crystallization is favorable for the achievement of high glass-forming ability for the present alloy system. Corrosion behavior of the glassy Ni 60 Ta 20 Ti 15 Zr 5 and Ni 55 Ta 20 Ti 10 Zr 8 Co 7 alloys was examined in 1 N H 2 SO 4 and 1 N HCl solutions. After immersion in the solutions open to air for one week, no weight loss of the glassy alloys was detectable, indicating a corrosion rate of less than 0.1 mm/ year which was the detectable limit of the measurement in this work. The surfaces of the specimens before and after immersion in the acid solutions were observed by SEM. No change in the polished appearance on the alloys was seen for the glassy alloys after the immersion.
High corrosion resistance of the glassy Ni-Ta-Ti-Zr(-Co) alloys in H 2 SO 4 and HCl solutions is also characterized by electrochemical measurements. Figure 5 shows slight anodic polarization for nickel and cobalt, while tantalum, titanium and zirconium are spontaneously passivated with low passive current density in the acid. The glassy Ni 60 Ta 20 Ti 15 Zr 5 and Ni 55 Ta 20 Ti 10 Zr 8 Co 7 alloys are spontaneously passivated and exhibit similar polarization behavior to each other in 1 N H 2 SO 4 solution. In particular, the anodic passive current densities of the alloys are lower than those of the pure metals and the cathodic activity of the alloys are much higher than those of pure tantalum, titanium and zirconium. In more aggressive 1 N HCl solution, as shown in . It is indicated that the surface passive films formed on the alloys have high stability in the acids. In 1 N HCl solution, the anodic current densities in passive region of the glassy Ni-TaTi-Zr(-Co) alloys is similar to those of the glassy Ni-Nb-TiZr-Co alloys, 3) although tantalum has higher corrosion resistance than niobium in concentrated hydrochloric acids. [9] [10] [11] It is suggested that the difference in corrosion behavior between the Ta-and Nb-bearing Ni-based glassy alloys will appear if corrosion tests are done in more corrosive environments, for example, hydrochloric acid solutions with concentration higher than 1 N, which will be a subject for further investigation. form with a diameter of 1 mm by copper mold casting. The glassy Ni-Ta-Ti-Zr(-Co) alloys have high corrosion resistance in aggressive acid solutions. Their corrosion rate was less than 0.1 mm/year in 1 N H 2 SO 4 and 1 N HCl solutions. In 1 N H 2 SO 4 solution, the alloys are spontaneously passivated with passive current density lower than those of pure tantalum, titanium and zirconium. In 1 N HCl solution, spontaneous passivation also occurs for the glassy alloys and the passive current densities are lower than those of titanium and zirconium and comparable to that of tantalum.
Conclusions
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